. Resonantly loaded apertures for high-resolution near field surface imaging.
Introduction
Radiofrequency and microwave radiation has been widely used in medical diagnostic and therapy for several decades [1] . Particularly, microwaves are used to treat arrhythmia and perform various types of ablation in cardiology and cancer therapy [2] , [3] . They are also employed to manage the patient's pain and to treat chronic medical conditions [4] .
Another area of microwave medical applications is related to non-invasive measurements of dielectric properties of biological materials. The knowledge of dielectric permittivity of a biological sample or dielectric contrast between biological tissues is important for the detection and treatment of melanoma skin cancer [5] , real-time assessment of the glucose level for diabetes monitoring [6] , electrical impedance biopsy [7] , etc.
Several types of microwave probes have been developed for the material surface characterization.
The most common and widely used probe is an open-ended coaxial cable probe [2] , [7] - [12] . Another class of probes is represented by the microstrip transmission lines or conductive patch elements printed on dielectric substrates [6] , [13] , [14] . A dipole antenna [15] and the open-ended waveguide probes [16] , [17] were also proposed previously.
The microwave probes of considered types possess different imaging characteristics and operational frequency bandwidth which define their area of application. An open-ended coaxial probe forms a tight electric field intensity focal spot in the near field zone with the dominant electric field component parallel to the coaxial cable axis. This E-field is very well collimated in the immediate vicinity of the coaxial open end, λ/100 -λ/6, λ is a wavelength of radiation, and diverges very fast as the distance from the probe increases. Consequently the high-resolution imaging distance of an open-ended coaxial is limited by approximately λ/6 distance. The advantage of the probe is in its wide operational frequency range [7] and simple design scalable across the frequency ranges. The major drawback of the open-ended coaxial probe is its very inefficient coupling to the material sample arising from a high reflection level from the coaxial open end [7] . This significantly limits the measurements' signal-to-noise ratio and makes efficient microwave energy delivery to the illuminated spot very difficult.
Printed microstrips and patch antennas have been successfully used for non-destructive characterization of biological samples by measuring the resonance frequency shift of the antenna in the presence of the biological substance [6] , [13] , [14] . The imaging distance of these sensors is limited to the immediate proximity (< λ/50) due to the presence of dielectric substrate which leads to the electromagnetic field localisation near the substrate surface. Also, in general, subwavelength high-resolution imaging is not possible due to the lack of near field focusing characteristics consequently only spatially averaged properties of the material can be measured.
Other imaging setups such as a dipole antenna parallel to the surface of the sample [15] and an open-ended waveguide probe [16] , [17] exhibit major limitations due to their large spatial near field electrical footprint leading to low-resolution imaging properties. Particularly, the characteristic imaging resolution of an open-ended waveguide is intrinsically diffraction limited and exceeds halfwavelength. A half-wavelength dipole probe enables one-dimensional subwavelength resolution in the range orthogonal to its length, however the dipole near field pattern is rapidly diverging with increasing imaging distance and typical resolution contrast is very low (~1-2dB) even at imaging distances less than λ/10 [18] .
Recently the authors of the present paper proposed a novel class of probes comprised of small or non-resonant apertures loaded with resonant inserts [18] - [20] . These resonantly loaded apertures allow significant enhancement of the electric and magnetic near fields as well as deep subwavelength field collimation in the near field zone. Major advantages of this type of probes are: (i) they enable very high imaging resolution over the entire near field imaging distances range (λ/100-λ/4), (ii) they can efficiently operate with low level of microwave radiation power and, (iii) they offer the possibility of real-time high-resolution imaging [20] . Previously, these probes have been successfully applied to subwavelength imaging of dielectric and metal targets [19] , [20] .
In this paper we give the first reported discussion of the sensitivity and near field imaging resolution of the resonantly loaded aperture probes to small planar dielectric structures, particularly, lossy dielectric strips and patches and biological samples with different water content.
Imaging of water content difference in material is important in particular for skin cancer identification by the microwave and millimetre-wave sensors [21] , [22] . Experimental data show that malignant skin tissue contains substantially higher amount of water (around 20%) than the normal skin [23] , while benign lesions typically tend to be few percent drier than the healthy skin [24] . From the microwave reflectometry point of view different water content in imaged material leads to variation in the microwave signal reflection and absorption which can be detected by the resonance reflectometer with high accuracy. To study a possibility of early-stage skin cancer detection by resonance microwave probes, an artificial skin model has been developed using lossy dielectric Eccosorb materials [25] that can model microwave properties of the healthy skin, malignant tumours and benign lesions. The model studies show that the typical resolution of an artificial malignant tumour with a characteristic size of one tenth of a wavelength can be discriminated with at least 6dB amplitude and 50 degrees phase contrast from the dielectric sheet modelling healthy skin and with more than 3dB contrast from an artificial benign lesion of the same size.
It should be noted that even though this paper is focused on differential imaging where the dielectric contrast or resonance frequency shift between the samples is of primary interest, the proposed technique can be used for absolute permittivity measurements using resonance frequency perturbation analysis developed in [26] - [28] . This possibility will be studied in future work.
Finally, the unique ability of efficient microwave energy delivery to very small spatial area by resonantly loaded apertures is demonstrated. It is believed that the proposed class of probes could assist in the development of new applications in biological surface characterization and imaging and microwave hyperthermia where highly collimated near field beam properties play a key role.
Loaded aperture probe construction and principle of operation
The loaded aperture imaging device (probe) can be constructed using a metal screen or screens with arbitrary shaped apertures loaded with planar or quasi-planar conductive inserts [20] . The loaded aperture is backed by a metal cavity for efficient microwave excitation and reflected signal reception, Fig.1 When the probe is positioned in free space (air) with no imaged sample located close to the aperture, a resonance dip in reflection (S11 parameter) occurs, Fig.1 (c), black line with dot markers, meaning that there is a highly enhanced transmitted electric field in the vicinity of the aperture, Fig.2 .
When a material sample is brought in the high intensity microwave field area, electric polarization of the sample leads to the reflection resonance frequency shift, Fig.1(c) , determined by the sample dielectric permittivity and shape. Thus from the resonance frequency shift the properties of the sample can be inferred. Furthermore since the near field focal area is substantially confined in space, The high-quality resonance transmission in loaded apertures occurs due to significant electric charge separation along the insert. The slot boundaries act as a subwavelength resonator, enhancing and collimating the E-field [20] . In the present paper we demonstrate the possibility of both spectral characterization and spatial differential imaging of lossy dielectric materials using a folded strip loaded aperture probe shown in Fig.1(a) . The resonance frequency response of the standalone probe in air is shown in Fig.1 (c), black line with dot markers. The near field spatial properties are characterized by the near field pattern FWHM which are summarised in Table I as a function of imaging stand-off distance z'/λ. The FWHM defines the characteristic resolution of the probe, whose median value is around 0.1λ in the range of stand-off distances 0.01λ -0.15λ.
Lossy dielectrics characterization and subwavelength imaging
In order to demonstrate the subwavelength imaging resolution and spectral response of the folded insert loaded aperture probe a sample consisting of lossy dielectric strips with known parameters has been made, Fig.3 The measured spectral response of the dielectric strips is shown in Fig.1(c) where sample 1 denotes BSR dielectric strip, sample 2 stands for FGM strip and sample 3 denotes GDS dielectric strip. For this measurement the loaded aperture has been positioned at 3mm distance from the surface of each strip. It can be seen that the probe spectral response strongly depends on the permittivity of the dielectric stripsthe highest level of reflection is achieved for the GDS dielectric strip (sample 3) with lowest microwave loss.
The raw spatial images of the dielectric samples have been obtained for two frequencies, 3.947GHz and 3.965GHz around the probe resonance at 5mm imaging distance (middle of the imaging range 1-10mm), Fig.4 . This resonance frequency choice corresponds to the reflection resonance of FGM material, and probe in air, Fig.1(c) . It should be noted that for larger stand-off distances (more than 5mm) the imaging resolution degrades proportionally to the E-Field FWHM given by the Table I , middle column. At the same time if the probe is positioned too closely to the surface of lossy dielectric ( less than 2mm) high microwave loss in material can substantially affect the probe resonance quality thus resolution contrast can degrade. This effect is not discussed here in detail for the brevity's sake and will be explored elsewhere in future.
Artificial dielectric skin model for early stage skin cancer imaging scenario
Biomedical studies show that malignant melanoma typically has 10-20% higher water content than the healthy skin tissue, while benign lesions are typically drier by several percent than healthy skin [23] , [24] . Difference in the material water content results in different electromagnetic signal reflection and absorption or, equivalently, near field coupling which can be detected by the reflectometer. Previous microwave and millimetre-wave imaging studies [21] , [22] Fig.5 the microwave attenuation of dry and wet human skin obtained from the experimental data [30] , [31] . It has been shown previously [21] , [22] that the microwave reflection contrast between the malignant tumour and healthy skin and dry and wet skin is approximately the same. Therefore microwave attenuation contrast between the dry and wet skin, Fig.5 , can serve as a qualitative estimation for the microwave contrast between the melanoma and normal skin tissue. From Fig. 5 one can see that the microwave attenuation in human skin is an order of magnitude higher than the attenuation in the Eccosorb materials, however the attenuation difference is approximately the same ~5dB in the considered frequency range 1-10GHz.
It should be stressed that the differential reflection image arises as a result of microwave contrast, but not the absolute value of the sample permittivity parameters. It is also interesting to note that the attenuation contrast between the dry and wet skin is around 1.5 times higher than the contrast between the FGM-U and BSR-U materials therefore imaging resolution should generally be better for the invivo imaging scenario.
The resolution of the loaded aperture probe is assessed in terms of a wavelength, so the probe dimensions can be scaled down to achieve absolute spatial resolution of 1mm or smaller. The operation frequency for this resolution to be obtained should be around 30GHz. and dry and wet skin [30] , [31] .
The spatial pattern of the skin cancer model, Fig.6(a) , is designed to represent skin cancer development at the early stages [32] when only small, node-like tumours occur. In addition, two
patches are added to model the benign lesions. In Fig.6(a 
Imaging of bio-material with different water content
To illustrate the probe capabilities for microwave imaging of biomaterials containing water a sample consisting of wet and dry leaves has been prepared, Fig. 7(a) . To ensure uniform imaging distance the leaves have been pressed with a thin (few micrometres thick) polymeric film. The resonance responses for the leaves is shown in Fig.7 (b) at 5mm imaging distance. It can be seen that the presence of water (dielectric permittivity ~80) leads to significant resonance frequency shift and the reflection amplitude level change. The raw microwave images obtained at 5mm imaging distance at 3.98GHz are shown in Fig.8 . It can be seen that the green leaves are imaged with very contrast (~20dB) and spatial resolution (~5mm). The blue rim around the leaves demonstrates the edge near field coupling mechanism (which is promising for high-contrast shape resolution). The amplitude imaging contrast of dry leaf in the top right corner is reduced (~5dB) as compared to the wet leaves however the presence of blue rim around the dry leaf area indicates the edge near field strong coupling. It is interesting to note that the reflection phase images, Fig.8(b) also demonstrate very high contrast (more than 100 degrees) and spatial resolution (~5mm). The effects of the imaging distance, sample geometry and its dielectric properties and the presence of dielectric substrate (background), Fig.9 , are analysed using a quasi-static approximation [31] . In Fig.9 the imaged sample is represented by a thin dielectric strip of length L, width w and depth d, with geometry parameters satisfying the condition L ~ w >> d. The relative permittivity of the sample is ε1, the relative permittivity of dielectric substrate is ε2.
The loaded aperture is excited by a waveguide mode TE10 with electric field Ew. In [20] it has been shown that the near field E0 transmitted into the air in region 0, z < 0, represents a dipole field mode with dominant ~1/r 3 (in quasi-static zone) spatial dependence. This E-field causes depolarization of the dielectric with electric current densities
where only the dominant y-components of the fields and polarization currents are taken into account and monochromatic exp (-iωt) time dependence is assumed. In (1) the radius vector 1 r is within the volume V1 of the strip, V1=Lwd, z1=d-h. In derivation of the second part of the formula (1) the polarizability of the strip is approximated as the polarizability of a thin elliptical disk in the long axis direction [33] . In (2) the radius vector 2 r is within the volume V2 of the substrate. It should be noted that due to the continuity of the fields tangential components, the field Fig.10(a) . Fig. 10(a) shows the reflection image of the sample in the x cut (y=0) for two imaging distances, 3mm and 5mm. It can be seen that at 3mm distance the amplitude resolution contrast between the first and second strips is around 5dB (phase contrast more than 15 degrees) therefore in the considered low permittivity substrate scenario the thickness resolution of order 10 -3 λ can be achieved.
In the second experiment the strips were positioned on the 1mm thick FGM-U-40 lossy dielectric sheet with real part of the permittivity Re(εFGM)~10, loss tangent tan δ~0.3. The amplitude reflection image shown in Fig. 11 shows that in the situation when the permittivity of the substrate is much higher than the permittivity of a thin strip accurate discrimination of the strips of the considered thickness (10 -3 λ) is not possible. It is worthy to note, however that the strips are clearly resolved from the substrate with amplitude contrast 5dB-10dB at 3mm imaging distance.
Comparison between the loaded aperture probe and open-ended coaxial probe
In this Section we compare the near field focusing and microwave energy transmission properties of the proposed folded strip loaded aperture probe with those of an open-ended coaxial probe widely used for biomedical imaging and dielectrics characterization [2] , [7] - [11] . Fig.12 shows the comparison between the open-ended coaxial and loaded slot aperture probes. In Fig.12(a) a full width at half-maximum (FWHM) of the near E-field pattern has been calculated using FEKO solver (www.feko.info) for the loaded aperture used in this paper and a coaxial cable probe based on the standard RG-402 coaxial cable with 3mm outer diameter, 0.9mm inner cable diameter and 3mm tip length. It can be seen from Fig.12(a) that the proposed loaded aperture probe has the same FWHM (in one of the dual hot spots) as a coaxial cable at short imaging distances (|z|<0.05λ).
At larger imaging distances, |z|>0.05λ the FWHM of the coaxial cable grows faster than the FWHM of the loaded probe thus the loaded aperture probe can operate at much larger imaging distances with better spatial resolution. Another important advantage of the loaded aperture probe is its ability to efficiently transmit microwave energy at the S11 resonance unlike the open-ended coaxial probe which radiates only a very small (~1%) part of the input microwave power [7] . This property of the loaded aperture probe could be very useful in microwave hyperthermia applications. Also by virtue of this property the loaded aperture probe can operate at very small levels of microwave power without significant loss of sensitivity. The measured relative microwave transmitted power, 10log(PLA/Pcoax) as a function of stand-off distance from the probes is shown in Fig. 12(b 
Conclusions
A novel type of microwave probes based on the loaded aperture geometry has been proposed and experimentally evaluated for dielectric characterization and near field imaging with deep subwavelength resolution. It has been shown that the probe can resolve thin lossy dielectric samples with very high contrast (~10dB) and spatial accuracy (better than λ/10) over a wide range of standoff distances in the near field zone (0.02λ-0.2λ). High sensitivity of the proposed loaded aperture probe to biological materials containing water has been demonstrated. Particularly it has been shown that the probe can image wet and dry leaves with extremely high amplitude (~20dB) and phase (~100 degrees) contrast and spatial resolution (better than 5mm at 4GHz). A microwave imaging scenario for the early-stage skin cancer identification based on the artificial dielectric model has also been explored. This model study shows that the typical resolution of an artificial malignant tumour with a characteristic size of one tenth of a wavelength can be discriminated with at least 6dB amplitude and 50 degrees phase contrast from the artificial healthy skin and with more than 3dB contrast from a benign lesion of the same size. The near field focussing properties of the proposed imaging device when compared to those of a standard open-ended coaxial probe are found to be superior in terms of focussed microwave power transmission and low-level power sensing applications.
